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Abstract
Purpose:  To  investigate  the  change  in  visual  acuity  (VA)  produced  by  different  types  of  astig-
matism (on  the  basis  of  the  refractive  power  and  position  of  the  principal  meridians)  on  normal
accommodating  eyes.
Methods:  The  lens  induced  method  was  employed  to  simulate  a  set  of  28  astigmatic  blur  con-
ditions on  different  healthy  emmetropic  eyes.  Additionally,  24  values  of  spherical  defocus  were
also simulated  on  the  same  eyes  for  comparison.  VA  was  measured  in  each  case  and  the  results,
expressed  in  logMAR  units,  were  represented  against  of  the  modulus  of  the  dioptric  power
vector (blur  strength).
Results:  LogMAR  VA  varies  in  a  linear  fashion  with  increasing  astigmatic  blur,  being  the  slope
of the  line  dependent  on  the  accommodative  demand  in  each  type  of  astigmatism.  However,
in each  case,  we  found  no  statistically  signiﬁcant  differences  between  the  three  axes  inves-
tigated (0◦,  45◦,  90◦).  Non-statistically  signiﬁcant  differences  were  found  either  for  the  VA
achieved with  spherical  myopic  defocus  (MD)  and  mixed  astigmatism  (MA).  VA  with  simple
hyperopic  astigmatism  (SHA)  was  higher  than  with  simple  myopic  astigmatism  (SMA),  however,
in this  case  non  conclusive  results  were  obtained  in  terms  of  statistical  signiﬁcance.  The  VA
achieved with  imposed  compound  hyperopic  astigmatism  (CHA)  was  highly  inﬂuenced  by  the
eye’s accommodative  response.
Conclusions:  VA  is  correlated  with  the  blur  strength  in  a  different  way  for  each  type  of  astig-
matism, depending  on  the  accommodative  demand.  VA  is  better  when  one  of  the  focal  lines  lie
on the  retina  irrespective  of  the  axis  orientation;  accommodation  favors  this  situation.
© 2016  Spanish  General  Council  of  Optometry.  Published  by  Elsevier  Espan˜a,  S.L.U.  This  is  an
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Inﬂuencia  de  los  diferentes  tipos  de  astigmatismo  en  la  agudeza  visual
Resumen
Objetivo:  Investigar  el  cambio  en  la  agudeza  visual  (AV)  producido  por  los  diferentes  tipos  de
astigmatismo  (sobre  la  base  del  poder  refractivo  y  la  posición  de  los  principales  meridianos)  en
ojos con  acomodación  normal.
Métodos:  Se  utilizó  el  método  de  desenfoque  inducido  con  lentes  para  simular  un  conjunto
de veintiocho  situaciones  de  desenfoque  astigmático  en  diferentes  ojos  emetrópicos  sanos.
Además, se  simularon  veinticuatro  valores  de  defecto  esférico  en  los  mismos  ojos,  a  ﬁnes  com-
parativos.  Se  midió  la  AV  en  cada  caso,  representándose  los  resultados,  expresados  en  unidades
logMAR, frente  a  los  módulos  del  vector  de  potencia  dióptrica  (desenfoque).
Resultados:  La  escala  LogMAR  para  AV  varía  de  manera  lineal,  incrementando  la  distorsión
astigmática,  dependiendo  la  inclinación  de  la  línea  de  la  demanda  acomodativa  en  cada  tipo
de astigmatismo.  Sin  embargo,  en  cada  caso,  no  hallamos  diferencias  signiﬁcativas  entre  los
tres ejes  analizados  (0◦,  45◦,  90◦).  No  se  hallaron  diferencias  estadísticamente  signiﬁcativas  en
cuanto a  la  AV  lograda  con  el  defecto  miópico  esférico  (MD)  y  astigmatismo  mixto  (MA).  La  AV
con astigmatismo  hipermetrópico  simple  (SHA)  fue  más  elevada  que  con  astigmatismo  miópico
simple (SMA).  Sin  embargo,  en  este  caso  se  obtuvieron  resultados  no  concluyentes  en  términos
de signiﬁcancia  estadística.  La  AV  lograda  con  astigmatismo  hipermetrópico  compuesto  (CHA)
se vio  altamente  inﬂuenciada  por  la  respuesta  acomodativa  del  ojo.
Conclusiones:  La  AV  guarda  relación  con  el  desenfoque  de  modo  diferente  para  cada  tipo  de
astigmatismo,  dependiendo  de  la  demanda  de  acomodación.  La  AV  es  mejor  cuando  una  de  las
líneas focales  está  en  la  retina  con  independencia  de  la  orientación  del  eje;  la  acomodación
favorece esta  situación.
©  2016  Spanish  General  Council  of  Optometry.  Publicado  por  Elsevier  Espan˜a,  S.L.U.  Este  es  un
art´ıculo Open  Access  bajo  la  licencia  CC  BY-NC-ND  (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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isual  acuity  (VA)  is  one  of  the  standard  parameters  by
hich  the  outcome  of  most  clinical  trials  is  judged.  Par-
icularly  important  is  the  relationship  between  VA  and  the
efractive  state  of  the  eye.1--4 However,  VA  is  affected  by
ifferent  extrinsic  parameters,  such  as  the  design  of  the
ptotype  chart,  its  luminance  and  contrast,  since  these  fac-
ors  can  affect  the  chart  readability.5,6 Moreover,  under  the
ame  experimental  conditions,  intrinsic  parameters  such
s  the  subject’s  higher-order  aberrations,7,8 pupil  size,9
ccomodation,10 the  level  of  neural  adaptation11--13 and  the
ubjective  perception  of  blur14 have  been  demonstrated  to
nﬂuence  the  results.  More  speciﬁcally,  several  studies  have
nvestigated  the  effects  of  the  astigmatism  on  near  and  dis-
ance  VA  and/or  subject’s  reading  performance.  Raasch15
roposed  that  the  single  parameter  that  better  correlates
efractive  errors  with  VA  is  the  strength  (norm)  of  the  vec-
or  that  represents  the  refractive  error.16,17 According  to  this
heory  the  cylinder  axis  of  the  astigmatism  should  have  no
nﬂuence  on  the  expected  VA.  This  hypothesis  was  supported
y  Oechsner  and  Kusel  using  numerical  simulations18 and
ater  experimentally  in  different  studies.19--23 On  the  con-
rary,  Miller  et  al.10 and  Wolffsohn  et  al.24 suggested  that
ith-the-rule  astigmatism  (WTR)  has  a  less  negative  inﬂu-Please  cite  this  article  in  press  as:  Remón  L,  et  al.  Inﬂuence  of
(2016),  http://dx.doi.org/10.1016/j.optom.2016.07.003
nce  on  VA  compared  with  against-the-rule  (ATR)  or  oblique
stigmatism.  Trindade  et  al.,25 found  that,  after  cataract
nd  intraocular  lens  (IOL)  implantation  surgery,  patients
ith  ATR  astigmatism  had  better  uncorrected  near  VA  than
e
a
ehose  with  WTR  astigmatism.  On  the  contrary,  in  the  descrip-
ion  of  a  surgical  method  for  optimizing  the  outcomes  of
efractive  surgery,  Alpins26 also  assumed  that  WTR  astigma-
ism  has  a  greater  optical  tolerance  than  ATR  or  oblique
stigmatism.  Kobashi  et  al.27 reported  that  oblique  astig-
atism  had  lower  VA  and  reading  performance  than  those
ith  uncorrected  0◦ and  90◦ axis  of  astigmatism.  Atchinson
t  al.8 found  that  subjective  blur-limits  for  cylinder  at  0◦
xis,  were  greater  (about  20%)  than  those  for  oblique  axes.
owever,  in  a  recent  study28 the  same  main  authors  found
hat  VA  was  affected  signiﬁcantly  by  the  axis  of  the  cylinder,
ith  better  VA  for  90◦ than  for  any  other  orientation  (45◦,
35◦,  and  180◦).  Therefore,  one  issue  that  is  still  a  matter  of
ontroversy  is  the  impact  of  the  astigmatic  axis  orientation
n  the  near  and  distance  acuities.
Moreover,  the  role  that  the  accommodation  plays  in  this
ontext,  has  not  been  investigated  in  detail  in  anyone  of
he  above  mentioned  studies.  Recently,  by  measuring  the
ccommodative  response  objectively,  Stark  et  al.,29 found
hat  astigmatism  led  to  increased  accommodative  variabil-
ty  in  certain  individuals.  Bradley  et  al.6 found  that,  contrary
o  what  happens  with  spheres,  both  positive  and  negative
ylindrical  lenses  at  90◦ and  180◦ located  in  front  of  an
ccommodating  eye  results  in  a  similar  VA;  indicating  that
his  effect  is  due  to  the  fact  that  the  human  eye  cannot
electively  accommodate  to  one  meridian.  Singh  et  al.30 different  types  of  astigmatism  on  visual  acuity.  J  Optom.
xplored  the  relation  between  uncorrected  simple  myopic
nd  simple  hyperopic  astigmatism  and  VA  in  pseudophakic
yes.  They  found  that  VA  is  deteriorated  signiﬁcantly  with
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Inﬂuence  of  different  types  of  astigmatism  on  visual  acuity  
increasing  magnitudes  of  induced  astigmatism  for  all  axes
tested  0◦,  45◦,  90◦ and  180◦ but  no  signiﬁcant  differences
were  found  between  axes.  However,  they  also  found  that
loss  in  distance  VA  was  greater  for  induced  myopic  astig-
matism  than  for  induced  hyperopic  astigmatism.  However,
to  the  best  of  our  knowledge,  the  inﬂuence  of  compound
hyperopic  astigmatism  on  the  VA  of  subjects  has  not  been
investigated.
By  using  the  lens  induced  refractive  error  method,22 in
this  study  our  aim  was  to  investigate  for  the  ﬁrst  time  the
rate  of  change  in  VA  produced  by  different  types  of  astig-
matism  (on  the  basis  of  the  refractive  power  and  position
of  the  principal  meridians)  on  normal  accommodating  eyes.
The  effects  of  positive  and  negative  spherical  defocus  on  VA,
under  the  same  experimental  conditions  were  also  investi-
gated  for  completitude.
Methods
As  in  previous  studies,6,19,20 refractions  were  induced  with
trial  lenses  in  a  trial  frame  in  a  reduced  number  of  eyes.
In  this  case  four  different  young  subjects,  with  no  ocular
history  of  any  visual  disturbance,  participated  in  this  study.
Following  the  precepts  of  the  Declaration  of  Helsinki,  an
informed  consent  was  obtained  from  the  subjects  and  per-
mission  was  obtained  from  the  Ethics  Commission  of  the
University  of  Valencia.  Only  the  right  eyes  were  tested,
being  the  left  eye  occluded  to  prevent  convergence  effects.
For  all  subjects  compensated  VA  was  20/20  or  better.  The
accommodation  amplitude  was  measured  monocularly  with
the  push-up  method.  Objective  refraction  and  pupil  sizes
were  measured  with  the  Grand  Seiko  WAM-5500  open-ﬁeld
autorefractor  under  the  same  experimental  lighting  con-
ditions.  These  results  are  summarized  in  Table  1.  During
the  experiment,  pupil  sizes  and  accommodation  were  not
controlled  artiﬁcially  because  this  study  attempted  to  gain
understanding  of  the  nature  of  VA  in  eyes  in  their  natural
states.
In  all  measurements,  trial  case  lenses  were  placed  in
front  of  the  eye  as  the  (vector)  sum  of  the  distance  refrac-
tion  plus  the  induced  refractive  error.  In  this  way,  for  each
induced  refraction,  the  corresponding  conventional  script
notation  in  terms  of  sphere  S,  cylinder  power  C  and  axis  ˛
(S;Cx)  was  converted  to  power  vector  coordinates  (M,  J0,
J45)  and  the  norm  of  the  power  vector,  or  blur  strenght  B,
was  computed  using  the  following  equations16:
M  =  S  + C
2
(1)
J0 =  −C2 cos  2˛  (2)
J45 =  −C2 sin  2˛  (3)
B  =
√
M2 +  J20 +  J245 =
√
S2 +  SC  +  C2/2  (4)
The  different  types  of  astigmatism  induced  on  eachPlease  cite  this  article  in  press  as:  Remón  L,  et  al.  Inﬂuence  of
(2016),  http://dx.doi.org/10.1016/j.optom.2016.07.003
subject  and  the  associated  blur  strengths  powers  of  the
employed  lenses  are  shown  in  Table  2,  where  SMA  is  simple
myopic  astigmatism,  SHA  is  simple  hyperopic  astigmatism
and  MA  is  mixed  astigmatism.  As  can  be  seen,  we  have
c
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a
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onsidered  two  different  types  of  compound  hyperopic
stigmatism  (CHA).  In  the  ﬁrst  one,  CHA1,  the  less  hyper-
pic  focal  line  was  kept  at  the  same  distance  from  the  retina
constant  sphere).  In  the  second  one,  CHA2,  the  power  of  the
ylinder  was  kept  constant,  and  the  location  of  the  interval
f  Sturm  was  varied  with  the  power  of  the  sphere.  For  each
ombination  of  powers  three  axes  were  considered:  0◦,  45◦
nd  90◦.  Aditionally,  for  completitude,  24  values  of  spheri-
al  defocus  were  also  simulated:  8  myopic  defocus  (MD)  with
ositive  spheres  [from  +0.25  D  to  +2.00  D  in  steps  0.25  D]
nd  16  hyperopic  defocus  with  negative  spheres  [from  −1.50
 to  −9.00  D  in  steps  0.50  D].
Back  vertex  distance  was  set  to  12  mm,  and  for  defocus
alues  higher  than  4.0  D,  the  effective  power  of  the  lens  was
alculated.
Due  to  the  large  number  of  measurements  performed
ith  each  eye,  VA  was  measured  using  the  IVAC  test,31 since
t  gives  repeatable  and  reliable  results,  avoiding  learning
ffects.20 The  Snellen  letters  option  of  this  test  was  taken
o  perform  the  measurements,  i.e.,  letters  with  a variable
pacing  between  them  and  a  variable  progression  of  letter
ize  with  100%  constrast.32 The  test  was  presented  on  a  cal-
brated  CRT  monitor  of  luminance  125  cd/m2 at  a  distance
f  5  meters.  The  measurements  were  performed  in  a  quiet
nvironment  exclusively  used  for  research  activities  with
onstant  ambient  lighting  650  ±  10  lux.  For  each  value  of  the
nduced  astigmatism,  subjects  were  asked  to  identify  opto-
ypes  on  each  line  from  left  to  right,  and  the  VA  was  recorded
hen  more  than  50%  of  the  smallest  optotypes  were  cor-
ectly  identiﬁed.  In  each  session  of  measurements  the  values
f  power  and  axis  were  randomized.  Sessions  were  limited
o  45  min  in  order  to  minimize  the  effects  of  fatigue,  leav-
ng  a  short  interval  of  time  between  measurements.  Several
ays  elapsed  between  sessions.  Measurements  were  done
hree  times  for  each  blur  condition,  and  the  mean  of  the
easurements  was  used  in  the  analysis.
Statistical  analysis  was  performed  using  Statistical
roduct  and  Service  Solutions  (SPSS  19.0)  for  Windows  soft-
are.  The  data  were  tested  for  normality  of  distribution
hapiro--Wilk  (p  >  0.05  in  all  cases)  and  equivalence  of  vari-
nce  (F-test).  For  each  evaluated  astigmatism,  a  linear
egression  between  B  and  VA  was  obtained,  and  both  the  cor-
elation  coefﬁcient,  R2,  and  the  slope,  b,  were  computed.
esults
ig.  1  shows  the  logMAR  VA  for  achieved  by  the  different
ubjects  with  the  induced  refractions  shown  in  Table  2  at  dif-
erent  axes.  Values  of  VA  obtained  with  myopic  defocus  are
lso  shown  in  the  same  ﬁgure.  As  can  be  seen,  the  logMAR  VA
uffers  a  nearly  linear  reduction  with  increasing  astigmatic
lur,  but  the  slope  is  different  for  each  type  of  astigmatism.
owever,  in  general,  the  rate  of  change  is  nearly  inde-
endent  of  the  axis.  One-way  analysis  of  variance  (ANOVA)
howed  that  there  was  no  signiﬁcant  difference  between
he  VA  obtained  for  0◦,  45◦, and  90◦ axes  for  all  ametropias
or  each  subject  (p  >  0.05  in  all  cases).  Table  3  shows  the different  types  of  astigmatism  on  visual  acuity.  J  Optom.
orrelation  coefﬁcient,  R2, and  the  slope,  b,  for  each  sub-
ect.  For  the  slopes;  values  in  parentheses  correspond  to  the
xes  were  b  attained  the  higher  and  lower  values  was  found.
s  can  be  seen,  there  exists  a strong  correlation  between
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Table  1  Subject  details.
Subject  Age  (year)  Subjective  refraction  Accommodation  amplitude  (D)  Pupil  size  (mm)
S1  26  −0.50/−0.50  ×  180◦ 8.0  4.7  ±  0.2
S2 32  −2.00/0.00  6.5  4.50  ±  0.10
S3 28  −0.50/0.00 7.5 5.30  ±  0.14
S4 25  0.00/−0.50  ×  90◦ 8.0 5.5  ±  0.2
Table  2  Values  of  sphere  (S)  and  cylinder  (C)  used  to  simulate  the  different  types  the  astigmatism  defocus.  B  is  the  modulus
of the  corresponding  power  vector  or  blur  strength,  associated  to  each  combination  of  lenses.  (a)  Simple  hyperopic  astigmatism
(SHA) and  simple  myopic  astigmatism  (SMA)  differ  in  the  sign  of  the  cylinder.  (b)  and  (c)  CHA1  and  CHA2  are  two  different  typs
of compound  hyperopic  stigmatism  (see  the  main  text  for  details).  (d)  Jackson  Cross-cylinders  of  different  powers  are  used
represent mixed  astigmatism  (MA).
SHA/SMA  CHA1  CHA2  MA
C  B  S  C  B  S  C  B  S  C  B
−0.75/+0.75  0.53  −0.50  −1.00  1.11  −0.50  −1.00  1.11  +0.25  −0.50  0.25
−1.50/+175 1.06  −0.50  −1.50  1.45  −0.75  −1.00  1.35  +0.50  −1.00  0.50
−2.25/+2.25 1.59  −0.50  −2.00  1.80  −1.00  −1.00  1.58  +0.75  −1.50  0.75
−3.00/+3.00 2.13  −0.50  −2.50  2.15  −1.25  −1.00  1.82  +1.00  −2.00  1.00
−3.50/+3.50 2.48  −0.50  −3.00  2.50  −1.50  −1.00  2.06  +1.25  −2.50  1.25
+1.50  −3.00  1.50
+1.75  −3.50  1.75
+2.00  −4.00  2.00
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he  astigmatic  blur  strength  B  and  the  logMAR  VA,  for  each
ype  of  astigmatism.  The  inﬂuence  of  the  accommodative
esponse  is  evidenced  by  the  corresponding  slope,  b.  More-
ver,  similar  results  were  found  for  the  VA  achieved  with
pherical  myopic  defocus  (MD)  and  MA.  In  fact  non  statis-
ically  signiﬁcant  difference  was  obtained  between  MD  and
A  (ANOVA  F71,7 =  0.04;  p  =  0.99).  Another  interesting  com-
arison  can  be  done  between  the  VA  achieved  with  SHA  and
MA,30 since  in  both  types  of  astigmatism  one  of  the  focalPlease  cite  this  article  in  press  as:  Remón  L,  et  al.  Inﬂuence  of
(2016),  http://dx.doi.org/10.1016/j.optom.2016.07.003
ines  is  on  the  retina.  Results  in  Fig.  1,  and  in  Table  3,  show
hat  except  for  one  subject  (S3)  the  VA  with  SHA  was  higher
han  with  SMA.  Mean  values  of  b  were  0.33  and  0.44  for  SHA
r
A
V
Table  3  Correlation  coefﬁcient  (R2)  between  logMAR  VA  and  blur
B for  each  subject,  for  different  types  of  astigmatism  and  myopic
were obtained  in  each  case  are  shown  in  parentheses.
S1 S2 S3 
MD
0.57 0.53 0.62
R2 = 0.99 R2 = 0.97 R2 =
MA
0.50(0◦) < b < 0.57(45◦) 0.54(0◦) < b < 0.63(90◦) 0.49
0.97 < R2 < 0.98 0.97 < R2 < 0.99 0.92
SMA
0.39(0◦) < b < 0.58(45◦) 0.44(0◦) < b < 0.57(90◦) 0.31
0.97 < R2 < 0.98 0.90 < R2 < 0.98 0.94
SHA
0.31(0◦) < b < 0.33(90◦) 0.30(45◦) < b < 0.33(0◦) 0.30
0.92 < R2 < 0.96 0.92 < R2 < 0.97 0.92
CHA1
0.26(90◦) < b < 0.29(45◦) 0.35(90◦) < b < 0.36(0◦/45◦) 0.28
0.88 < R2 < 0.96 0.85 < R2 < 0.92 0.88
CHA2
0.034(45◦) < b < 0.052(0◦) 0.025(90◦) < b < 0.081(45◦) 0.11
0.14 < R2 < 0.68 0.03 < R2 < 0.93 0.77(c)  (d)
nd  SMA  respectively.  However,  non  conclusive  results  were
btained  in  terms  of  statistical  signiﬁcance,  because  we
ound  statistically  signiﬁcant  differences  between  subjects
1  for  SHA  and  SMA  (ANOVA  F35,1 =  7.68;  p  =  0.009)  and  S2
ANOVA  F35,1 =  6.38;  p  =  0.016)  but  no  statistically  signiﬁcant
ifferences  was  obtained  for  subjects  S3  for  SHA  and  SMA
ANOVA  F35,1 =  0.02;  p  =  0.90)  and  S4  (F35,1 =  1.77;  p  =  0.19).
In  the  comparison  between  both  types  of  compound  astig-
atism  we  found  that  for  CHA1,  the  VA  decreased  with  a different  types  of  astigmatism  on  visual  acuity.  J  Optom.
atio  of  change  that  was  higher  than  CHA2  (see  Table  3).
ctually,  as  can  be  noted  in  Fig.  1, with  induced  CHA2  the
A  achived  is  nearly  constant  for  different  values  of  B  in
 strength  (B)  and  ratio  of  change  of  logMAR  VA  (b)  per  unit  of
 defocus.  The  axes  at  which  the  upper  and  lower  values  of  b
S4 Mean value
 0.54 0.56 ± 0.04
 0.92 R2 = 0.98 0.97 ± 0.03
(90◦) < b < 0.52(0◦) 0.48(45◦) < b < 0.52(0/90◦) 0.53 ± 0.03
 < R2 < 0.96 0.96 < R2 < 0.98 0.96 ± 0.02
(90◦) < b < 0.33(45◦) 0.43(90◦) < b < 0.48(0◦) 0.44 ± 0.01
 < R2 < 0.98 0.92 < R2 < 0.96 0.96 ± 0.03
(0◦) < b < 0.37(45◦) 0.32(90◦) < b < 0.35(0/45◦) 0.33 ± 0.09
 < R2 < 0.94 0.90 < R2 < 0.98 0.94 ± 0.02
(0◦) < b < 0.36(45/90◦) 0.35(90◦) < b < 0.37(0/45◦) 0.33 ± 0.04
 < R2 < 0.90 0.84 < R2 < 0.90 0.90 ± 0.04
(0◦) < b < 0.29(90◦) 0.14(90◦) < b < 0.26(45◦) 0.08 ± 0.09
 < R2 < 0.97 0.70 < R2 < 0.97 0.58 ± 0.38
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Figure  2  It  is  found  a  signiﬁcant  difference  between  theFigure  1  This  ﬁgure  shows  the  logMAR  VA  for  achieved  by  the
different axes.
almost  all  cases  (note  that  the  low  values  of  the  correla-
tion  coefﬁcient  in  this  particular  case  are  wheigthned  by
the  null  values  of  the  B  variance,  resulting  in  an  indetermi-
nation  of  the  correlation  coefﬁcient).  It  is  worth  to  mention
that  with  this  type  of  astigmatism,  the  time  of  stimulus  pre-
sentation  needed  for  a  subject  response  was  larger  than  the
time  needed  with  the  other  type  of  induced  defocus,  and  the
subjects  refer  tiredness  at  the  end  of  each  session,  which
indicates  a  high  accommodative  effort  during  each  trial.33
On  the  other  hand,  the  results  for  CHA1  were  very  similar
to  those  obtained  for  SHA.  This  result  was  not  unexpected,
since  the  CHA1  turns  into  SHA,  when  the  eye  accommodates
0.5  D.
Finally,  in  order  to  gain  insight  about  the  inﬂuence  of
the  accommodation  in  VA  we  considered  spherical  hyperopic
defocus.  The  results  are  shown  in  Fig.  2.  In  this  case  as  thePlease  cite  this  article  in  press  as:  Remón  L,  et  al.  Inﬂuence  of
(2016),  http://dx.doi.org/10.1016/j.optom.2016.07.003
range  of  B  values  was  expanded  to  increase  the  accommoda-
tive  demand  of  subjects,  we  found  a  signiﬁcant  difference
between  the  results  obtained  for  different  subjects  (ANOVA
F64,3 =  5.227;  p  =  0.029).
r
p different  types  of  astigmatism  on  visual  acuity.  J  Optom.
esults  obtained  for  different  subjects  (ANOVA  F64,3 =  5.227;
 =  0.029).
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iscussion
n  this  work,  we  have  investigated  the  effects  of  different
ypes  of  astigmatism  on  the  VA  attained  by  eyes  with  active
ccommodation.  The  inﬂuence  of  the  axis  orientation  and
he  location  of  the  focal  lines  with  respect  to  the  retina
ave  been  analyzed.
We  found  no  statistically  signiﬁcant  differences  between
he  results  obtained  for  astigmatism  with  different  axes  but
he  same  type  and  magnitude  of  astigmatism.  This  result
s  consistent  with  previous  results  for  SMA,20--22,30 MA19,21
nd  SHA.21,22,30.  This  ﬁnding  supports  the  hypothsis  that
he  blur  strength  B,  which  is  independent  of  the  axis,16
hould  be  a  good  predictor  of  VA  for  astigmatic  eyes,  as
t  is  for  myopia.1,6,15,21 In  this  sense,  a  number  of  studies
ave  not  found  a  strong  effect  of  induced  cylinder  axis  on
he  changes  in  VA  with  astigmatism.19--23,30 However,  other
tudies  have  reported  that  ATR  induced  a  greater  reduction
n  VA  compared  to  with  WTR  astigmatism6,8,24--28 and  vice
ersa.25 Methodological  differences  in  terms  of  how  astig-
atism  was  simulated  (with  a  cross-cylinder,  pure  positive
ylindres,  etc.)  as  well  as  the  way  in  which  VA  was  mea-
ured  (the  utilized  optotype  chart,5,6 control  of  pupil  size
nd  accommodation,  etc.)  may  explain  these  differences  in
esults.  In  this  study,  we  employed  the  same  chart  that  in  a
revious  study  had  less  inﬂuenced  on  VA  records  for  different
xes  of  astigmatism.20
Additionally,  a  number  of  studies  have  reported  approxi-
ately  linear  variation  in  logMAR  VA  with  increasing  cylinder
ower  but  with  a  different  rate  of  change  (slope),  depend-
ng  on  the  speciﬁc  methodology  adopted,  including:  the
ype  of  acuity  chart,  age  of  subjects,  presence  of  active
ccommodation,  correction  of  higher-order  aberrations  and
he  type  of  astigmatism.5,6,8,19--30 According  to  the  present
tudy,  there  was  a  linear  reduction  in  monocular  logMAR
A  with  increasing  astigmatic  blur  in  all  types  of  astigma-
ism  considered,  but  with  a  different  rate  of  change  (see
able  3).  Interestingly,  we  found  that  under  the  same  experi-
ental  conditions,  accommodation  mainly  governs  the  rate
f  change  of  VA  with  the  induced  dioptric  blur.  In  fact,  it
ould  be  hypothesized  that  the  accommodative  state  of  the
ye,  which  can  modify  the  location  of  the  focal  lines  with
espect  to  the  retina,  is  the  responsible  of  such  differences.
his  result  is  consistent  with  those  reported  by  Rosenﬁeld
n  Ref.34 the  sense  that  accommodative  response  depends
n  the  grade  of  the  retinal  image  defocus.  Speciﬁcally,  for
HA2  we  obtained  a  nearly  constant  VA  for  different  val-
es  of  B.  However,  for  CHA1  the  VA  changes  with  B  at
early  the  same  rate  than  with  SHA.  The  difference  between
he  response  of  the  visual  system  to  different  types  of
ompound  astigmatism  suggests  that  the  accommodative
ystem  chooses  a  ﬁxed  position  of  focus  (locating  one  focal
ine  at  the  retina)  that  maximizes  VA.  This  fact  was  noted
lso  by  Kee  et  al.35 and  they  concluded  that  in  the  presence
f  signiﬁcant  amounts  of  astigmatism,  emmetropization
s  directed  toward  one  of  the  two  focal  planes  associ-
ted  with  the  astigmatic  principal  meridians  and  not  the
ircle  of  least  confusion.  Moreover,  it  is  likely  that  the
ympthoms  of  asthenopia  experienced  by  the  subjects  in  ourPlease  cite  this  article  in  press  as:  Remón  L,  et  al.  Inﬂuence  of
(2016),  http://dx.doi.org/10.1016/j.optom.2016.07.003
tudy  with  induced  CHA2  were  a  consequence  of  cycles  in
ccommodation  across  the  astigmatic  interval  that  allowed
lear  successive  view  of  alternate  target  details  and  hence
u
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etter  visual  performance.29,36 In  this  sense,  we  also
btained  that  the  VA  achieved  with  SMA  and  SHA  was  bet-
er  than  with  MA.  From  the  comparison  between  the  results
or  SMA  and  SHA  we  obtained  ambiguous  statistically  out-
omes,  for  two  subjects  there  were  statistically  signiﬁcant
ifferences  but  for  the  other  two  there  were  not.  However,
or  all  subjects,  the  values  of  logMAR  VA  for  SMA  were  in
eneral  lower  than  those  for  SHA  and  the  mean  value  of  the
lope  was  higher  for  SMA  than  for  SHA.  In  this  regard,  Bradley
t  al.6 obtained  that,  in  non-cyclopeged  subjects,  the  VA  was
etter  when  the  astigmatic  blur  was  induced  with  negative
ylinders  than  when  it  was  induced  with  positive  cylinders.
ecently,  Singh  et  al.30 found  similar  results,  i.e.;  the  loss  in
A  was  greater  for  induced  SMA  than  for  SHA,  with  the  rate
f  change  in  VA  being  0.31  logMAR/D  and  0.23  logMAR/D
espectively.  Besides,  they  found  no  statistically  signiﬁcant
ifferences  with  different  axes.  In  our  case,  it  is  likely  that
he  accommodation  favor  the  higher  inter  subject  variability
or  SHA  than  for  SMA  (see  Fig.  1  and  Table  3).  Thus,  in  this
ases  the  uncertainty  in  the  accommodative  behavior  pre-
ents  drawing  categorical  conclusions  about  the  inﬂuence  of
stigmatic  axis.
Aditionally,  we  found  that  spherical  positive  lenses
myopic  defocus)  produce  losses  in  VA  that  are  similar  than
hose  produced  by  MA  having  the  same  value  of  B  (see
able  3).  Similar  results  were  found  by  Atchison  et  al.37
nd  Applegate  et  al.38 However,  for  small  levels  of  crossed
ylinder  blur  (≤0.75  DC),  it  was  previously  found8 that  astig-
atism  affects  visual  acuity  more  than  defocus.  Thus  the
ifference  between  our  results  and  the  obtained  in  that
tudy  can  be  attributed  to  the  different  range  of  blur  consid-
red  in  both  cases.  In  fact  in  that  paper,  authors  explained
hat  the  results  would  be  inﬂuenced  by  higher  order  aber-
ations.  Finally  and  not  unexpectedly,  we  found  that  for
pherical  hyperopic  defocus  the  VA  remains  constant  with
ncreasing  blur  up  to  a certain  level  in  which,  depending  on
he  subject,  the  accommodation  can  not  compensates  for
he  induced  hyperopia  (see  Fig.  2).
As  mentioned  in  the  introduction,  it  is  known  that  the
nﬂuence  of  astigmatism  upon  VA  depends  on  several  factors.
ome  of  these  factors  were  controled  and  minimized  in  this
tudy.  One  of  them  is  the  individual’s  subjective  perception
f  blur  and  the  level  of  neural  adaptation  to  astigmatism.14
t  has  been  demonstrated12,13 that,  after  a  brief  period  of
daptation  to  astigmatic  blur,  the  VA  is  improved,  and  that
his  effect  was  dependent  upon  both  the  magnitude  and  axis
f  the  astigmatism.  These  short  term  adaptations  to  astig-
atic  blur  also  appear  to  be  inﬂuenced  by  the  subject’s
atural  degree  of  astigmatism.14 As  subjects  in  this  work
ere  clinically  non-astigmats  this  effect  has  been  minimized
y  the  randomness  of  the  lens  induced  astigmatism.  More-
ver,  each  measured  VA  in  our  experiment  was  performed
mmediately  after  defocus  to  prevent  the  trial  lenses  from
nducing  neural  adaptation.
Notwithstanding,  there  are  some  limitations  to  this  study.
e  did  not  evaluate  several  factors  that  could  inﬂuence
isual  performance  in  astigmatic  eyes,  such  as  high  order
berrations,  pupil  size,  and  level  of  retinal  illuminance.  On
he  one  hand,  we  measured  VA  with  no  artiﬁcial  pupils  but different  types  of  astigmatism  on  visual  acuity.  J  Optom.
nder  the  same  photopic  conditions,  in  all  trials  to  mini-
ize  inter-subject  variability.  On  the  other  hand,  since  the
evel  of  high  order  aberrations  with  a  4.0  mm  pupil  in  young
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people  is  low37,38 we  believe  that  they  did  not  signiﬁcantly
inﬂuence  the  outcomes  in  this  study.
In  our  experiments  the  individual  ocular  aberrations
could  have  interacted  with  the  optically  generated  defocus
and  could  be  a  cause  of  the  inter-subject  variability.  Differ-
ent  studies7,8 demonstrated  that  combining  different  levels
of  astigmatism  and  higher-order  aberrations  (i.e.  coma)  can
improve  the  VA  in  some  patients.  This  effect  could  partially
explain  the  results  found  by  Ohlendorf  et  al.21 and  Remon
et  al.22 who  compared  VA  records  obtained  with  computer
simulated  and  lens-induced  astigmatism.  In  both  studies  the
VA  obtained  with  the  ﬁrst  method  was  lower  than  with  sec-
ond  one.
Summarizing  VA  is  correlated  with  the  blur  strength  in  a
different  way  for  each  type  of  astigmatism,  depending  on
the  accommodative  demand.  VA  is  better  when  one  of  the
focal  lines  lie  on  the  retina  irrespective  of  the  axis  orienta-
tion;  accommodation  favors  this  situation.  As  a  concluding
remark,  in  our  opinion,  the  fact  that  VA  for  an  ametropic  eye
can  be  associated  with  a  single  refractive  parameter  could
be  very  useful,  even  in  studies  involving  visual  performance
when  the  accommodation  is  active.  However,  additional
research  is  needed  to  quantify  the  inﬂuence  on  VA  of  the
other  factors  already  mentioned.
Conﬂict of interest
The  authors  have  no  conﬂicts  of  interest  to  declare.
Acknowledgements
This  study  was  supported  by  the  Ministerio  de  Economía  y
Competitividad  and  FEDER  (Grant  DPI  2015-71256-R),  and  by
the  Generalitat  Valenciana  (Grant  PROMETEOII-2014-072),
Spain.
References
1. Crawford JS, Shagass C, Pashby TJ. Relationship between visual
acuity and refractive error in myopia. Am J Ophthalmol.
1945;28:1220--1225.
2. Boltz RL, Manny RE, Katz BJ. Effects of induced optical blur on
infant visual acuity. Am J Optom Physiol Opt. 1983;60:100--105.
3. Smith G, Jacobs RJ, Chan CD. Effect of defocus on visual acuity
as measured by source and observer methods. Optom Vis Sci.
1989;66:430--435.
4. Read SA, Vicent SJ, Collins MJ. The visual and functional
impacts of astigmatism and its clinical management. Oph-
thalmic Physiol Opt. 2014;34:267--294.
5. Plainis S, Kontadakis G, Feloni E, Giannakopoulou T, et al. Com-
parison of visual acuity charts in young adults and patients with
diabetic retinopathy. Optom Vis Sci.  2013;90:174--178.
6. Bradley A, Thomas T, Kalaher M, Hoerres M. Effects of
spherical and astigmatic defocus on acuity and contrast sen-
sitivity: a comparison of three clinical charts. Optom Vis Sci.
1991;68:418--426.
7. De Gracia P, Dorronsoro C, Marin C, Hernandez M, Marcos S.
Visual acuity under combined astigmatism and coma: optical
and neural adaptation effects. J Vis. 2011;11:1--11.Please  cite  this  article  in  press  as:  Remón  L,  et  al.  Inﬂuence  of
(2016),  http://dx.doi.org/10.1016/j.optom.2016.07.003
8. Atchison DA, Mathur A. Visual acuity with astigmatic blur.
Optom Vis Sci.  2011;8:798--805.
9. Watson AB, Yellot JI. A uniﬁed formula for light-adapted pupil
size. J Vis.  2012;12:1--16. PRESS
7
10. Miller AD, Kris MJ, Grifﬁths AC. Effect of small focal errors on
vision. Optom Vis Sci.  1997;74:521--526.
11. Cufﬂin MP, Mankosta A, Mallen EA. Effect of blur sensitivity and
discrimination in emmetropes and myopes. Invest Ophthalmol
Visual Sci.  2007;48:932--2939.
12. Sawides L, Marcos S, Ravikumer S, Thibos L, Bradley A,
Webster M. Adaptation to astigmatic blur. J Vis.  2010;11:
10--22.
13. Ohlendorf A, Tabernero J, Schaeffel F. Neuronal adaptation
to simulated and optically-induced astigmatic defocus. Vision
Res. 2011;51:529--534.
14. Vinas M, de Gracia P, Dorronsoro C, et al. Astigmatism impact
on visual performance: meridional and adaptational effects.
Optom Vis Sci.  2013;90:1430--1442.
15. Raasch TW. Spherocylindrical refractive errors and visual acu-
ity. Optom Vis Sci.  1995;72:272--275.
16. Thibos LN, Wheeler W, Horner D. A vector method for the anal-
ysis of astigmatic refractive errors. In: Vision Science and its
Applications, Vol 2. 1994 Technical Digest Series. Washington,
DC: Optical Society of America; 1994, 14-7.
17. Remón L, Benlloch J, Furlan WD. Corneal and refractive astig-
matism in adults: a power vectors analysis. Optom Vis Sci.
2009;86:1182--1186.
18. Oechsner U, Kusel R. Multimeridional refraction: dependence
of the measurement accuracy on the number of meridians
refracted. Optom Vis Sci.  1997;74:425--433.
19. Chen S, Hove M, Mccloskey C, Kaye SB. The effect of
monocularly and binocularly induced astigmatic blur on
depth discrimination is orientation dependent. Optom Vis Sci.
2005;82:101--113.
20. Remón L, Tornel M, Furlan WD. Visual acuity in simple
myopic astigmatism: inﬂuence of cylinder axis. Optom Vis Sci.
2006;83:311--315.
21. Ohlendorf A, Tabernero J, Schaeffel F. Visual acuity with
simulated and real defocus. Optom Vis Sci.  2011;88:
562--569.
22. Remón L, Benlloch J, Pons A, Monsoriu JA, Furlan WD. Visual
acuity with computer simulated and lens-induced astigmatism.
Opt Appl. 2014;44:521--531.
23. Watanabe K, Negishi K, Kawai M, Torii H, Kaido M, Tsubota K.
Effect of experimentally induced astigmatism on functional,
conventional and low-contrast visual acuity. J Refract Surg.
2013;29:19--24.
24. Wolffsohn JS, Shah Bhogal G. Effect of uncorrected astigmatism
on vision. J Cataract Refract Surg. 2011;37:454--460.
25. Trindade F, Oliveira A, Frasson M. Beneﬁt of against-the-rule
astigmatism to uncorrected near acuity. J Cataract Refract
Surg. 1997;23:82--85.
26. Alpins NA. New method of targeting vectors to treat astigma-
tism. J Cataract Refract Surg. 1997;23:65--75.
27. Kobashi H, Kamiya K, Shimizu K, Kawamorita T, Uozato
H. Effect of axis orientation on visual performance
in astigmatic eyes. J Cataract Refract Surg. 2012;38:
1352--1358.
28. Mathur A, Suheimat M, Atchison DA. Pilot study: effect of the
age on visual acuity with defocus and astigmatism. Optom Vis
Sci. 2015;92:267--271.
29. Stark LR, Strang NC, Atchison DA. Dynamic accommodation
reponse in the presence of astigmatism. J Opt Soc Am.
2003;20:2228--2236.
30. Singh A, Veerendranath P, Garg P, Bharadwaj R. Relation
between uncorrected astigmatism and visual acuity in pseu-
dophakia. Optom Vis Sci.  2013;90:378--384.
31. Olitsky S, Lee H, Young E. IVAC----Interactive Visual Acu- different  types  of  astigmatism  on  visual  acuity.  J  Optom.
ity Chart. Available at: www.smbs.buffalo.edu/oph/ped/IVAC/
IVAC.html. Accessed March 09, 2016.
32. Visual acuity test types. Tests charts for clinical determination
of distance visual acuity. Speciﬁcation, BS 4274-1; 2003.
 IN+ModelO
8
limits for defocus, astigmatism and trefoil. Vision Res.ARTICLEPTOM-203; No. of Pages 8
 
33. Owens DA. The Mandelbaum effect: evidence for an accom-
modative bias toward intermediate viewing distances. J Opt
Soc Am. 1979;69:646--652.
34. Rosenﬁeld M, Ciuffreda KJ. Accommodative responses toPlease  cite  this  article  in  press  as:  Remón  L,  et  al.  Inﬂuence  of
(2016),  http://dx.doi.org/10.1016/j.optom.2016.07.003
conﬂicting stimuli. J Opt Soc Am A. 1991;8:422--427.
35. Kee CS, Hung LF, Oiao-Grider Y, Roorda A, Smith EL. Effects of
optically imposed astigmatism on emmetropization in infant
monkeys. Invest Ophthalmol Vis Sci. 2004;45:1647--1659. PRESS
L.  Remón  et  al.
36. Wiggins NP, Daum KM. Visual discomfort and astigmatic errors
in VDT use. J Am Optom Assoc. 1991;62:680--684.
37. Atchison DA, Guo H, Charman WN, Fisher SW. Blur different  types  of  astigmatism  on  visual  acuity.  J  Optom.
2009;49:2393--2403.
38. Applegate RA, Sarver EJ, Khemsara V. Are all aberrations equal.
J Refract Surg. 2002;18:S556--S562.
